Background. Lipid lowering is a mainstay of modern therapeutic approach to atherosclerosis. We sought to evaluate matrix metalloproteinase (MMP)-targeted microSPECT imaging for tracking of the effect of lipid-lowering interventions on plaque biology in atherosclerotic mice in vivo.
INTRODUCTION
Lipid-lowering, in conjunction with anti-platelet and anti-hypertensive therapies are the mainstay of modern therapeutic approach to atherosclerosis. 1 Part of the beneficial effects of lipid-lowering therapies, such as statins, may be linked to stabilizing effects on plaque biology rather than plaque regression. 2 Inflammation is a key determinant of plaque vulnerability. Lipids, such as modified LDL, promote the recruitment and activation of inflammatory cells and trigger vessel wall inflammation in atherosclerosis. 3 Macrophages (as well as other vascular cells) produce a number of proteases, including members of the matrix metalloproteinase (MMP) family. 4 Activation of these proteases promotes further recruitment of inflammatory cells and directly contributes to plaque rupture through weakening of the fibrous cap. 5 Some lipid lowering interventions, especially using statins, reduce vascular events linked to plaque rupture. However, there is little direct information on the effect of these interventions on vessel wall inflammation. More specifically, it is unclear whether lipid lowering, independent of the agent used, is associated with changes in MMP activation in atherosclerosis.
Molecular imaging provides an opportunity to evaluate regional and focal changes in vessel wall biology in vivo. As MMPs mediate vessel wall inflammation in atherosclerosis, MMP-targeted imaging may be a useful tool for assessing inflammation in atherosclerosis. [6] [7] [8] Indeed, there is a correlation between macrophage marker expression and MMP activation detected by molecular imaging in atherosclerosis. 9, 10 Whether this relation persists in the presence of various therapeutic interventions, and hence, MMP-imaging can be used for tracking the effect of specific therapeutic interventions remains to be determined. Here, we investigate whether lipid-lowering, regardless of the agent used, leads to a reduction in plaque inflammation and MMP activation in parallel with changes in blood cholesterol level; and whether the effect of various lipid lowering interventions on plaque inflammation in atherosclerotic mice can be tracked through non-invasive imaging of MMP activation.
MATERIALS AND METHODS

Reagents
Reagents were obtained from Sigma (St. Louis, MI), unless otherwise specified. RP805, a 99m Tc-labeled tracer with specificity for activated MMPs was provided by Lantheus Medical Imaging (North Billerica, MA).
11
Animal Model
Six-to eight-week-old female apoE -/-mice (Jackson Laboratory, Bar Harbor, ME) were fed a high fat diet (1.25% cholesterol, 15.8% fat, TD 90221, Harlan Teklad, Madison, WI) ad libitum for two months to induce atherosclerosis (n = 58). After 2 months the animals were randomized to either continuation of high fat diet (HFD), high fat diet with simvastatin (50 mg/kg/day, Sim), high fat diet with fenofibrate (30 mg/kg/day, Fen) or return to normal chow (high fat withdrawal, HFW) for an additional 4 weeks (supplemental Figure 1 ). Experiments were performed according to regulations of VA Connecticut Healthcare System and Yale University Institutional Animal Care and Use Committees.
Measurement of Blood Cholesterol
Plasma total cholesterol concentration was determined by Yale Mouse Metabolic Phenotyping Center on blood samples collected after overnight fasting.
Imaging
MicroSPECT/CT imaging was performed as described previously with minor modifications. 10, 12, 13 In brief, 1 week after randomization 43.6 (±8.76) MBq RP805 ( 99m Tc-labeled tracer targeting MMP activation epitope) 11 was administered through a jugular vein catheter placed under anesthesia (isoflurane 1-3%). Animals were imaged after 2 hours on a high-resolution small animal imaging system (X-SPECT, Gamma Medica-Ideas, Northridge, CA) equipped with 1-mm pinhole collimators. To verify the accuracy of image fusion three point sources with known activity (37-185 kBq) were placed in the field of view. The following acquisition parameters were used for microSPECT imaging: radius of rotation 27 mm, 360°, 64 projections, 30 seconds/projection (*40 minute image acquisition), 140 keV photopeak ±10% window, matrix: 82 9 82. After completion of microSPECT imaging, animals were injected with a continuous infusion of iodinated CT contrast (iohexol 350 mg/mL, rate: 100 lL/min) over 2 minutes, and CT imaging was performed (energy 75 kVP/280 lA, matrix 512 9 512). After the first imaging at 2 months and 1 week the animals were allowed to recover and continued their corresponding diets and medication. Ibuprofen (0.11 mg/kg/day in drinking water) was used for postoperative analgesia. MicroSPECT/CT imaging was repeated after 3 weeks (2 months and 4 weeks after initiation of high fat diet). At the end of SPECT/CT imaging aorta was harvested for ex vivo planar imaging (distance: 28 mm, acquisition time: 30 minutes). SPECT and CT image reconstruction and fusion was performed as described. 12, 13 Multiplanar reformation of CTA and SPECT images of aorta was performed manually using Eviewbox software (http://eviewbox.sourceforge.net). For quantitative analysis of tracer uptake, a cylindrical (2 9 2 9 2 mm) region of interest (ROI) was drawn along the aortic arch starting at the level of right brachiocephalic artery. A ROI immediately anterior to thoracic descending aorta was used to calculate background activity. Data were expressed as background-corrected counts per voxel (cpv)/MBq injected. To quantify tracer uptake on ex vivo planar images a square (2 9 2 mm) ROI was drawn along the aortic arch. A ROI close to thoracic descending aorta was used to calculate background activity. Data were expressed as background-and decay-corrected counts per pixel (cpp)/MBq injected.
Oil Red O staining
Staining of explanted aortae with oil red O was performed after removal of adventitial fat as described. 10 The aorta was photographed using a microscope equipped a digital camera (Leica, Heerbrugg, Switzerland). The red stained areas representing atherosclerotic lesions were measured over a 2 mm length of aorta, starting at the level of right brachiocephalic artery using NIH ImageJ software (National Institutes of Health, Bethesda, MD). The results were expressed as % total vessel area covered by atherosclerotic lesions.
Quantitative RT-PCR
Aortic arch tissue freshly frozen in OCT was used for RNA isolation and quantitative RT-PCR as described. 12 The following primer sets were used: MMP-2 (Mm00439506_m1), MMP-9 (Mm00442991_m1), MMP-12 (Mm00500554_m1), MMP-13 (Mm01168713_m1), CD68 (Mm00839636_g1), EMR1 (Mm00 802529_m1); smooth muscle a-actin (Mm01546133-m1), VEcadherin (Mm00486938_m1), and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Mm99999915_g1). The results were expressed as GAPDH-normalized values.
Statistical Analysis
Statistical analysis was performed using GraphPad Prism (La Jolla, CA). Data are presented as mean ± standard error (SE). Differences between two groups were tested using twotailed paired Student's t test. Multiple groups were compared using one way ANOVA with Dunn's multiple comparison test or two-way ANOVA followed by Bonferroni post-hoc analysis. Pearson correlation was used to test the association between two variables. Significance was set at the 0.05 level.
RESULTS
To investigate the effect of lipid lowering on vessel wall inflammation and its imaging in atherosclerosis, apoE -/-mice were fed a high fat diet for 2 months to induce atherosclerotic lesions along the aorta. Next, the animals were randomized to four groups: continuation of the high fat diet (HFD), high fat diet plus simvastatin (Sim), high fat diet plus fenofibrate (Fen), and normal chow [high fat withdrawal (HFW) group, supplemental Figure 1 ]. High fat withdrawal or fenofibrate treatment led to a significant reduction in total blood cholesterol level relative to HFD group as early as one week after randomization [1932 ± 132 mg/dl (HFD) vs 546 ± 39 mg/dl (HFW), P\0.001 or 1460 ± 184 mg/dl (Fen), P\0.05, n = 5 in each group, Figure 1] . Consistent with previous reports on lipid lowering effects of statins in apoE -/-mice, 14 there was a trend toward a reduction in total blood cholesterol for the simvastatin-treated group relative to the HFD group at one week that became statistically significant at 4 weeks [2098 ± 167 (HFD) vs 1625 ± 72 mg/dl, P \ 0.05 (Sim), n = 5 in each group, P\0.05, Figure 1 ].
MMP IMAGING OF THE EFFECT OF LIPID-LOWERING INTERVENTIONS IN ATHEROSCLEROSIS
To address the early and late effects of various lipid-lowering interventions on MMP activation in atherosclerosis, mice underwent serial RP805 (a 99m Tc-labeled tracer that specificity targets MMP activation 11 ) microSPECT-CT imaging at 1 and 4 weeks after randomization. There was considerable RP805 uptake in aortic arch on vivo images in the HFD group, which significantly increased from 1 to 4 weeks (0.09 ± 0.01 vs 0.13 ± 0.01 cpv/MBq, respectively, for 1 and 4 weeks, P \ 0.01, Figure 2 and supplemental Figure 2 ). In addition, while there was no significant difference in RP805 uptake between different groups of animals at 1 week, tracer uptake was significantly lower in fenofibrate-treated and HFW groups relative to HFD animals at 4 weeks (0.11 ± 0.01, P [ 0.05; 0.07 ± 0.02, P \ 0.05; and 0.06 ± 0.01 cpv/MBq, P \ 0.01; respectively, for Sim, Fen and HFW groups, Figure 2 ). Ex vivo planar imaging of aortas explanted after the second in vivo imaging at 4 weeks confirmed MMP tracer uptake in aortic arch (Fig 3a) . Consistent with the data obtained on in vivo images, aortic arch tracer uptake was significantly lower in Fen and HFW groups relative to HFD animals ( Figure 3b ). Importantly, in vivo quantification of RP805 uptake correlated well with its ex vivo quantification (r = 0.66, P \ 0.001, Figure 3c ), supporting the validity of in vivo quantification. Finally, RP805 uptake correlated well with total cholesterol level at 4 weeks (r = 0.95, P \ 0.05, supplemental Figure 3 ).
EFFECT OF LIPID LOWERING ON PLAQUE BURDEN AND COMPOSITION
As expected, oil red O staining of explanted aortas showed considerable development of atherosclerotic lesions along aortic arch in apoE -/-mice fed on the Figure 1 . Total blood cholesterol measured in high fat fed atherosclerotic mice at 1 and 4 weeks after randomization to different intervention groups. HFD, high fat diet; Sim, high fat diet ? simvastatin; Fen, high fat diet ? fenofibrate; HFW, high fat withdrawal; n = 5 in each group. *P \ 0.05, **P \ 0.01, ***P \ 0.001 (two-way ANOVA). Figure 2 . In vivo RP805 microSPECT/CT imaging of aortic MMP activation in atherosclerotic mice. A Examples of in vivo CT angiography, RP805 microSPECT and fused images of atherosclerotic mice at 4 weeks after randomization. Arrows point to aorta. B Examples of multiplanar reformation of aortic tracer uptake (right image for each group) and CT angiography (left image for each group) at 4 weeks after randomization to different intervention groups. C Quantification of aortic arch tracer uptake on in vivo images at 1 and 4 weeks after randomization, *P \ 0.05, **P \ 0.01 (two-way ANOVA). n = 5-6 in each group. HFD, high fat diet; Sim, high fat diet ? simvastatin; Fen, high fat diet ? fenofibrate; HFW, high fat withdrawal; cpv, counts per voxel.
high fat diet for 3 months (relative plaque burden 61.4% ± 3.8%, Figure 4 ). Switch to normal chow at 2 month (HFW group) led to a significant reduction in aortic arch plaque burden at 3 months (44.2% ± 4.4%, n = 5 in each group, P \ 0.05), while treatment with simvastatin or fenofibrate led to a non-statistically significant reduction in aortic arch plaque burden relative to HFD group [relative plaque burden 55.9% ± 4.8%, Figure 3 . Ex vivo RP805 planar imaging of aortic MMP activation in atherosclerotic mice. Examples (A) and quantification (B) of aortic arch tracer uptake on planar images of explanted aortas at 4 weeks after randomization to different intervention groups. C Correlation between in vivo and ex vivo quantification of aortic arch tracer uptake. *P \ 0.05, **P \ 0.01 (one-way ANOVA). n = 5-6 in each group. HFD, high fat diet; Sim, high fat diet ? simvastatin; Fen high fat diet ? fenofibrate; HFW, high fat withdrawal; cpp, counts per pixel; cpv, counts per voxel.
(simvastatin) and 51.3% ± 3.5% (fenofibrate), n = 5 in each group, Figure 4 ]. Aortic arch gene expression analysis at 4 weeks after randomization showed a significant reduction in CD68 and EMR1 (macrophages), but not VE-cadherin (endothelial cells) and smooth muscle a-actin (vascular smooth muscle cells) mRNA expression in Fen and HFW groups relative to HFD group of animals (Figure 5a) . Similarly, in simvastatin-treated animals there was a non-statistically significant trend toward reduction in CD68 and EMR1 expression. CD68 expression correlated well with total blood cholesterol at 4 weeks (r = 0.92, P \ 0.05, supplemental Figure 4 ). Assessment of MMP gene expression showed that MMP-2 and -9 were significantly reduced in all lipid lowering groups, whereas MMP-12 was lower in Fen and HFW groups and MMP-13 was reduced only on HFW group relative to HFD group of animals ( Figure 5b ).
CORRELATES OF MMP ACTIVATION IN VIVO
MMP activation detected by molecular imaging has been linked to vessel wall inflammation in atherosclerosis. 10 To ascertain the validity of this observation in the presence various lipid lowering interventions we investigated the correlation between RP805 uptake and cellular composition of aortic arch atherosclerotic lesions. While there was no significant correlation between RP805 uptake and VE-cadherin (endothelial cell marker) or smooth muscle a-actin (vascular smooth muscle cell marker) expression, MMP tracer uptake significantly correlated with macrophage marker, CD68 expression (r = 0.92, P \ 0.05, Figure 6 , supplemental Figure 5 ), establishing the effectiveness of RP805 imaging for tracking the effect of lipid-lowering interventions on vessel wall macrophage content in atherosclerosis.
DISCUSSION
Our data demonstrate the feasibility and effectiveness of serial in vivo MMP-targeted molecular imaging for monitoring changes in atherosclerotic plaque inflammation in response to therapeutic interventions, and define the correlates of tracer uptake in the vessel wall. Lipid accumulation and inflammation are hallmarks of atherosclerosis and play a central role in its pathogenesis. Sub-endothelial accumulation of LDL and its oxidative modification promote vessel wall inflammation through upregulation of adhesion molecules and chemokine production, and ultimately lead to immune cell recruitment. 1, 3 Macrophages and possibly smooth muscle cells engulf retained lipid particles and transform into foam cells. In advanced atherosclerotic lesions foam cells and apoptotic debris compose a necrotic core. In humans, the presence of a large necrotic core and abundance of inflammatory cells in conjunction with a thin fibrous cap are key characteristics of vulnerable plaque prone to rupture. In the absence of plaque rupture in our apoE -/-mouse model of atherosclerosis, discussion of plaque vulnerability in this model may be criticized. However, mouse models provide useful experimental tools for plaque characterization. Lipid lowering interventions in our study led to a reduction in vessel wall inflammation in atherosclerotic mice. This was associated with a reduction in MMP expression and activation, although considerable differences in the magnitude of the response to therapy were noted for specific members of the MMP family. Interestingly, there was a good correlation between vessel wall macrophage content (and MMP activation) in atherosclerosis and plasma cholesterol level in spite of the variety of lipid-lowering interventions employed.
Lipid-lowering is the mainstay of primary and secondary prevention in atherosclerosis. 3-hydroxy-3-methyl-glutaryl (HMG)-CoA reductase inhibitors, e.g., simvastatin, reduce cardiovascular events; an effect which is believed to be to some extent related to their cholesterol-independent anti-inflammatory effects mediated in part through regulation of protein prenylation. 15 Unlike their effects in humans, the effects of statins on serum lipid levels and plaque burden and composition in the mouse are inconsistent and appear to depend on experimental conditions. 14, 16, 17 This may explain the differences between our findings and those of previous investigations in rabbits. 9, 18 Fibrates, such as fenofibrate, regulate blood lipid levels through their agonistic effect on peroxisome proliferator receptor (PPAR) a signaling. 19 Although fibrates reduce the extent of atherosclerosis, 20, 21 there is considerable uncertainty about their effects on cardiovascular events. 22 The effects of other lipid-lowering interventions, such as dietary intervention on cardiovascular outcome are even less clear. Little is known about the effect of any of these or emerging 1 lipid lowering interventions on vessel wall inflammation in human atherosclerosis. This is in major part due to lack of appropriate imaging tools for assessing vessel wall inflammation in vivo. Indirect anatomic measures (e.g., carotid intima media thickness 23 ) have been used extensively as surrogates for predicting cardiovascular outcome in response to therapeutic interventions, and not surprisingly, their effectiveness has been found to be questionable. 24, 25 Imaging vessel wall biology is complicated by the small size of the target and its proximity to blood. Much of the work in this area has focused on fluorescent imaging. Although a powerful tool for basic investigation, optical imaging in its current form is not applicable to non-invasive imaging of the vasculature in humans. Nuclear imaging is used extensively for diagnosis and risk stratification in cardiovascular medicine. Hybrid imaging combining high sensitivity nuclear imaging in combination with high resolution anatomic imaging by CT or MRI appears to be especially suitable for imaging inflammation in atherosclerosis.
18 F-fluoro deoxyglucose (FDG), an FDA-approved tracer, which is used for imaging enhanced metabolism in cancer and inflammation has been introduced recently as a tool for detecting vessel wall inflammation in atherosclerosis. [26] [27] [28] [29] While there are uncertainties about the target(s) and regulators of 18 F-FDG uptake in the vessel wall, 30 a number of ongoing clinical trials have incorporated 18 F-FDG PET imaging in their assessment of the effect of therapeutic interventions in atherosclerosis. [31] [32] [33] MMPs are produced by inflammatory (and other) cells in atherosclerotic lesions and contribute to thinning and eventual rupture of the fibrous cap, which in turn may lead to in situ thrombus and acute coronary syndrome. [34] [35] [36] As such, imaging MMP activation can potentially provide information on atherosclerotic plaques' inflammation and propensity to rupture. RP805 binds with high affinity to an activation epitope of MMPs and has favorable pharmacokinetics for vascular imaging. 11 Previous work by our group and others has established 99m Tc-labeled RP805 (or its homologue 111 In-labeled RP782) SPECT as a promising approach for detection of protease activation and inflammation in vascular remodeling and atherosclerosis. 9, 10, 12, 13, 37, 38 Signal specificity for this family of tracers was demonstrated in blocking experiments. 9, 13 Here we showed that Figure 6 . Correlation between MMP tracer uptake on in vivo microSPECT/CT images and GAPDH-normalized macrophage marker (CD68) expression in aortic arch at 4 weeks after randomization to different intervention groups. cpv counts per voxel.
despite considerable differences in response to therapy for individual members of MMP family, the correlation between MMP tracer uptake (reflecting MMP activation in general) and vessel wall macrophage content persists following lipid-lowering interventions in atherosclerosis, further supporting the effectiveness of this approach for tracking the effect of therapeutic interventions on vessel wall biology. The relative potency of various lipidlowering interventions on vessel wall inflammation (and MMP activation) observed in our murine model of atherosclerosis does not reflect their relative effect on outcome in humans, and may be explained by wellrecognized differences in vessel wall biology and response to therapy between the two species. Nevertheless, murine models serve as valuable experimental tools for proof of principle, e.g., in this case demonstrating the potential value of molecular imaging for tracking the effect of therapeutic interventions on vessel wall biology in vivo. The observed heterogeneity of the response to treatments in drug-therapy groups highlights the value of serial molecular imaging in follow up and optimization of therapy. The underlying causes of this heterogeneity in response to therapy can be established in future studies. The small size of mouse arteries creates a number of technical challenges for imaging and quantification of tracer uptake. The diameter of murine aorta is close to spatial resolution of microSPECT systems and partial volume effect and scatter from perivascular structures could interfere with quantification of aortic uptake. Therefore, to validate our in vivo quantification methodology, we relied on ex vivo data as ''gold standard'', establishing a good correlation between in vivo and ex vivo quantification of tracer uptake in this model. The larger size of arteries in humans should facilitate clinical translation of molecular imaging. While imaging of aorta and carotid arteries in humans is relatively straightforward with modern technology, cardiac motion remains a challenge for molecular imaging of coronary arteries. As such 18 F-FDG PET imaging of the vessel wall biology has remained limited to aorta, carotid arteries, and left main and proximal coronaries. 39 This limitation could be overcome with the use of gating or a global score which would reflect the composite effect of the treatment on coronary vasculature. 40 While the application of the latter to 18 F-FDG PET images may be hindered by uptake of the tracer in normal myocardium, the limited myocardial uptake of RP805 makes this agent particularly suitable for this analytical methodology.
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